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Abstract The effect of oxygenate modifiers on the performance of Pt–Sn/γ –Al2O3 catalyst in
dehydrogenation of propane was studied. Dehydrogenation reaction was carried out in a fixed-bed quartz
reactor in the temperature range of 575–620 °C. Two types of oxygenate modifiers, namely water and
methanol, were added to the feed. The optimum amounts of water for reaction temperatures of 575, 600
and 620 °C were 84, 120 and 140 ppm, respectively. The optimum amounts of methanol for the same
reaction temperatures were 9.9, 25 and 50 ppm, respectively. Any further addition of water or methanol
beyond these optimum levels resulted in a loss in activity. The addition of water or methanol led to the
formation of COx at the expense of selectivity loss of propylene. The propylene yields, however, passed
a maximum at the optimum amounts of added oxygenates. The addition of water and methanol in the
optimum amounts resulted in a substantial reduction of coke formation as well. The improved propane
conversions in the presence of optimum amounts of addedwater ormethanol could be explained in terms
of enhanced β H-elimination step in propane dehydrogenation mechanism in the presence of hydroxyl
groups.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Propane dehydrogenation (PDH) has been considered as al-
ternative route for production of propylene, which is an impor-
tant raw material in the production of polypropylene, acrolein,
acrylic acid, polygas chemicals and oligomers [1,2]. Dehydro-
genation of propane is a highly endothermic and equilibrium
limited reaction that requires relatively high temperatures and
low pressures to achieve high yields of propylene [3–6]:
C3H8 ⇐⇒ C3H6 + H2 1H0298 = 124 kJ/mol. (1)
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atmospheric pressures, using supported platinum or chromia
catalysts. Pt–Sn/γ -Al2O3 has beenused extensively as a catalyst
for propane dehydrogenation both at laboratory and industrial
scales. This catalyst exhibits both high activity and high
selectivity to propylene in propane dehydrogenation [7–9].
Addition of Sn to Pt/γ -Al2O3 as a promoter has been described
in terms of its role as a poison for acid sites on the alumina
support as well as enhanced mobility of adsorbed hydrogen
and increased dispersion of Pt on the alumina support [10–14].
Dehydrogenation reaction is accompanied by side reactions
including hydrogenolysis, cracking and coke formation, which
influence the catalyst performance [15]. Another problem is
rapid catalyst deactivation due to coke formation. At high
temperatures carbonaceous deposits, collectively termed as
coke, are rapidly formed and as a consequence, catalyst
deactivation and regeneration are important considerations for
commercial processes [5,16]. Therefore, some technologies use
hydrogen or steam as diluents to reduce coke formation and
elongate catalyst lifetime. Several industrial processes have
been developed differing in the catalyst formulation, reactor
design, heat supply and method of catalyst regeneration.
Several studies have reported a longer catalyst life by alter-
ing the catalyst composition. Addition of K to Pt–Sn/γ -Al2O3
1378 M. Fattahi et al. / Scientia Iranica, Transactions C: Chemistry and Chemical Engineering 18 (2011) 1377–1383Table 1: Catalyst specifications.
Shape Sphere
Diameter (mm) 1.8
Specific surface (m2/g) 200
Specific volume (g/cm3) 0.65
Major components (wt%)
Pt 0.6
Sn 0.8
K 0.8
Cl 1.36
Figure 1: Schematic diagram of experimental apparatus and reactor loading.
catalyst for PDH, for example, has extended the catalyst life-
time by decreasing coke formation on acidic sites of the sup-
port [17,18]. Steam is also widely used as a diluent, a coke
remover and a heating medium [19–21] that interacts with the
catalyst thereby suppressing coke formation [22,23].
Water and light oxygenates can also serve as catalyst
modifier when used in low levels in the feed stream. They
act as catalyst depressant. Pt-based catalysts are poisoned
by high level of oxygenate by various mechanism. They also
deplete chlorine essential for redispersion of sintered platinum
from the catalyst and increase the selectivity to carbon oxides.
When used in appropriate levels, however, they could exhibit
beneficial effects on catalyst performance without perceptible
adverse effects [24].
Very few investigations, however, have reported the effect
of steam injection and its interaction mechanism in catalytic
dehydrogenation of light alkanes [23,25]. In this study the
effects of addition of very small amounts of oxygenate
additives, namely water and methanol, on the performance
of Pt–Sn/γ -Al2O3 catalyst for propane dehydrogenation have
been investigated.2. Experimental
The commercial Pt–Sn/γ -Al2O3 catalyst was supplied by a
European company the characteristics of which are reported
elsewhere [26]. Typical characteristics of the catalyst are
reported in Table 1. Performance tests were carried out in a
conventional tubular fixed-bed quartz reactor. A schematic of
the experimental setup is shown in Figure 1. The reactor was
12 mm in diameter and 90 cm long. The reactor was placed in
an electrical furnace equipped with a temperature controller
to maintain the reactor temperature to within ±1 °C of the
desired set point using thermocouples placed both on the inside
as well as on the external surface of the reactor. The catalyst
loading was 1 g for all PDH experiments. Nitrogen, hydrogen
and propane were 99.9% in purity. The reactor was purged at
room temperature with a nitrogen flow of 60 ml min−1 for 1 h.
The reactor was then heated to 550 °Cwith a temperature ramp
of 5 °C/min under a hydrogen flow of 14.77 ml min−1. The
reactor temperature was then held at 550 °C for 1 h and was
subsequently decreased to 400 °C at which point the propane
flow was started at 18.30 ml min−1. The reactor temperature
was then increased to the desired value with a temperature
ramp of 5 °C/min. According to operating conditions typical
of commercial plants for propane dehydrogenation, hydrogen
to propane ratio and space velocity were selected in the range
of 0.8–1 and 1.8–2.2 (h−1), respectively. All experiments were
conducted at WHSV = 2 h−1 and hydrogen to propane molar
ratio, H2/HC, of 0.8 that are typical of industrial conditions [26].
The reaction temperature was in the range of 575–620 °C.
Hydrogen and propane gas flow rateswere controlled by Brooks
mass flow controllers. Water and methanol were introduced to
the reactor feed stream using a syringe pump. The exit gases
were analyzed for light hydrocarbons and CO and CO2 using an
online Agilent 6890 gas chromatograph equippedwith TCD and
FID detectors. Propane conversions, product selectivities and
propylene were defined as follows [27]:
Propane conversion (%)
=

i
 ni
3
 [Fi]out − [FC3H8 ]out
i
 ni
3
 [Fi]out × 100, (2)
Selectivity for component i (%)
=
 ni
3
 [Fi]out
i
 ni
3
 [Fi]out − [FC3H8 ]out × 100, (3)
Propylene yield (%)
= propane conversion× selectivity of propylene
100
, (4)
where i includes all the components with carbon atoms in the
exit gas stream, ni is the number of carbon atoms of component
i, and Fi is its molar flow.
In a typical experiment, product samples were analyzed 3 h
after the start of the run when stable conditions were achieved.
Product samples were then analyzed hourly up to 7 h after the
start of the run.
Spent catalysts were characterized by TGA, BET and by
FTIR techniques. TGA tests were performed using a PL-STA
1500 model by PL Thermal Science (England) where weight
measurements were registered at a rate of 50 measurements
per minute using a temperature ramp of 5 °C/min from the
base temperature of 25 °C up to 950 °C. FTIR analyses were
performed using a Shimadzu model (Japan).
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T (°C) Water amount (ml h−1) Conversion (mol%) Selectivity (mol%) Yield of C3H6 (mol%)
C3H6 COx
Starta Endb Start End Start End Start End
575
0.20 28.56 26.48 75.64 78.30 0.39 0.10 21.60 20.73
0.25 29.74 27.88 77.87 79.18 0.55 0.18 24.05 22.30
0.30 30.89 28.17 77.92 81.65 0.44 0.14 23.17 22.76
0.35 24.96 22.87 67.53 70.25 0.61 0.21 16.85 16.07
Without 26.79 24.18 79.26 82.64 21.23 19.98
600
0.40 38.76 36.54 84.18 87.15 0.45 0.22 32.63 31.84
0.45 39.95 37.13 85.74 90.03 0.53 0.25 34.25 33.83
Without 36.12 33.43 90.59 94.84 32.72 31.70
620
0.30 46.18 43.22 77.26 79.76 0.37 0.18 35.68 34.47
0.40 47.57 45.02 75.44 79.65 0.59 0.33 35.89 35.86
0.50 48.67 46.29 77.93 82.76 0.58 0.21 37.93 38.31
0.60 45.17 39.85 75.73 78.32 0.60 0.32 34.21 31.21
Without 45.34 42.98 82.78 87.98 37.53 37.81
a Start, reaction time after 3 h.
b End, after 7 h.Table 3: Experimental results for catalytic PDH in presence of methanol.
T (°C) Methanol amount (ml h−1) Conversion (mol%) Selectivity (mol%) Yield of C3H6 (mol%)
C3H6 COx
Starta Endb Start End Start End Start End
575
0.02 29.13 26.97 79.22 81.94 0.48 0.18 23.08 22.10
0.05 27.13 25.14 75.87 77.41 0.56 0.25 20.58 19.46
Without 26.79 24.18 79.26 82.64 21.23 19.98
600
0.05 38.07 35.79 86.79 90.16 0.55 0.25 33.04 32.27
0.10 34.18 34.72 82.09 88.07 0.61 0.24 28.06 30.58
Without 36.12 33.43 90.59 94.84 32.72 31.70
620
0.10 47.96 45.78 78.65 82.63 0.61 0.23 37.72 37.83
0.20 41.72 36.84 64.95 69.46 0.64 0.27 27.10 25.59
Without 45.34 42.98 82.78 87.98 37.53 37.81
a Start, reaction time after 3 h.
b End, after 7 h.3. Results and discussion
Conversions and product selectivities are summarized in
Tables 2 and 3 for catalytic PDH in the presence of small
amounts of water andmethanol, respectively. Figure 2 presents
the propane conversions and product selectivities versus time-
on-stream for PDH at 620 °C with various water flow rates
added to the feed. In all runs, the catalyst activity declined
with time-on-stream as coke was accumulated on the catalyst
surface while the selectivity for propylene increased. Since
both hydrogenolysis and coke formation reactions are more
sensitive to the support structure than is dehydrogenation [28],
any impurity or inactive species on the surface may act
as a site diluent and should increase the selectivity toward
dehydrogenation. Coke would act as an inactive species and
thereby improve propylene selectivity.
In the presence of water propylene, selectivity reduces
presumably due to the formation of CO and CO2. Carbon oxides
could form both through steam-reforming of hydrocarbon feed
and products, and in later stages, gasification of carbonaceous
deposits. The selectivity to COx increased with increasing
amount of water added to the feed. For a given amount of
water, the selectivity to COx decreased with time-on-stream.
Results presented in Figure 2 also indicate that addition of
water up to a certain level enhanced the propane conversion.
At 620 °C, addition of 0.3, 0.4, and up to 0.5 ml h−1 of water
(corresponding to 84, 110, and 140 ppm steam in the feed,respectively) resulted in an increase in propane conversion.
With 0.6 ml h−1 water added (170 ppm), however, propane
conversions fell even below the conversion levels in the absence
of water. At 620 °C, 0.5 ml h−1 water was the optimum
amount of water resulting in maximum propane conversion.
The propylene yields also showed amaximum for the optimum
amount of added water (Table 2).
Similar observations can be made with respect to the
effects of water on propane dehydrogenation at other reaction
temperatures. The optimum amount of water was found to
increase with increasing temperature. As indicated by Table 2,
the optimumamounts ofwater at reaction temperatures of 575,
600 and 620 °C were 0.3, 0.45 and 0.5 ml h−1, respectively,
corresponding to a feedwater composition of 83.6, 120 and 140
ppm. In all cases, any further increase in the feed water content
beyond the optimum value would result in a substantial loss in
catalyst.
Figure 3 presents the propane conversions and product
selectivities for PDH at 620 °C with various amounts of
methanol added to the feed. The trends were qualitatively
similar to those obtainedwhenwaterwas added to the feed. The
optimumamounts ofmethanol at reaction temperatures of 575,
600 and 620 °C were 0.02, 0.05 and 0.1 ml h−1, respectively,
corresponding to a feed methanol composition of 9.9, 25 and
50 ppm. For a given reaction temperature, the optimumamount
of methanol was lower than the optimum amount of water.
Furthermore, the enhanced propane conversions and propylene
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Temperature (°C) Oxygenated additives Coke content (wt%)
620 0.1 ml h−1 methanol 4.2
620 0.5 ml h−1 water 3.8
620 None 8.0
600 0.05 ml h−1 methanol 3.2
600 None 5.9
575 0.3 ml h−1 water 2.8
575 None 4.6
yields were slightly higher when optimum amounts of water
were used, compared to those for optimummethanol addition.
This implies that for equivalent amount of oxygen, methanol is
more efficient modifier than water.
The results from TGA for selected spent catalyst samples
are presented in Table 4 in terms of the coke content (wt%) of
spent catalysts. As indicated by the data presented in Table 4,
without any added water or methanol, the coke content of the
spent catalysts increased with increasing reaction temperature
from 4.6 wt% at 575 °C, to 8.0 wt% at 620 °C. Addition of water
or methanol in optimum amounts significantly reduced the
coke content of spent catalysts. At 575 °C, addition of water
in the optimum amount reduced the coke content of the spent
catalyst to 2.8 wt%, compared with 4.6 wt% without any added
water. Similarly, addition of the optimum amount of methanolat 600 °C decreased the coke content of the spent catalyst to
3.2 wt%, compared with 5.9 wt% without any added methanol.
Comparison of the coke content at 620 °C indicated that when
water was added in the optimum amount, the reduction in the
coke content of the spent catalyst was slightly more than when
methanol was added in the optimum amount.
Water reduces coke deposition presumably through inhibit-
ing side reaction. It could selectively poison hydrogenolysis
sites on Pt, similar to sulfide compounds, and/or convert the
Lewis acid sites of alumina support to the moderate Brönsted
sites.
The results from BET analysis for selected spent catalyst
samples are reported in Table 5, indicating that the specific area,
pore volume and average pore diameter for the spent catalysts
are greaterwhenwater ormethanol are added in their optimum
amounts, compared with when no additives are present. This is
an indicative of thermal sintering of the support.
FTIR spectra of fresh catalyst are shown in Figure 4. Region
between 440 and 450 cm−1 is related to vibration of M–Cl
bonds in SnCl3. This peak is observed in all of IR spectra. The
region between 3200 and 3800 cm−1 is due to vibration of
hydrogen bond in H2O in catalyst structure. With comparison
of Figure 5(a) (spent catalyst without addition of water) and
Figure 5(b) (spent catalyst with water addition) in 575 °C, it can
be concluded that the region between 2100 and 2300 cm−1 is
due to C≡C bond. That is, the intensity decreases when water
M. Fattahi et al. / Scientia Iranica, Transactions C: Chemistry and Chemical Engineering 18 (2011) 1377–1383 1381Figure 3: Effects ofmethanol on propane dehydrogenation over industrial Pt–Sn/γ -Al2O3 catalyst. Reaction conditions:WHSV = 2 h−1 , T = 620 °C, H2/C3H8 = 0.8.Table 5: BET results for spent catalysts.
Reaction temperature (°C) Oxygenated additives Specific area (m2 g−1) Pore volume (ml g−1)× 1000 Average pore diameter (°A)
620 0.5 ml h−1 water 171.88 468.51 54.52
620 None 164.76 421.16 51.12
600 0.05 ml h−1 methanol 170.36 478.86 56.22
600 None 164.05 459.05 55.67
575 0.3 ml h−1 water 169.63 478.45 56.41
575 None 162.19 444.77 54.85Figure 4: The FTIR spectra for fresh catalyst.is added to catalyst, and therefore cracking products decreases.
Figure 6(a), spent catalyst in 620 °C without addition of H2O
andmethanol, shows a vibration bond in region 1100–1300 that
is related to aromatics. The peak in region 2100–2300 cm−1 is
related to C≡C bond. It was observed in Figure 6(b) and (c),
that with addition of H2O and methanol, aromatic vibration is
removed. It can also be explained that with addition of H2O
andmethanol, the amount of coke formation decreases. Results
of Table 4 confirm that. To summarize, FTIR spectra of spent
catalysts point to the formation of aliphatic, as well as, aromatic
coke, when water or methanol is added in optimum amounts.
In the absence of these additives, aromatic coke was primarily
present. Furthermore, presence of water andmethanol resulted
in free OH groups with no hydrogen bonding [29,30].
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addition, and (b) with addition of 0.3 ml h−1 water.
4. Mechanism of catalytic PDH in presence of oxygenated
additives
Some studies have indicated that addition of small amounts
of oxygen can improve propane conversions and propylene
yields in catalytic PDH [31–34]. The results of the present
study also point to an optimum amount of water or methanol
that maximizes propane conversions and propylene yields. A
widely acceptedmechanism for propane dehydrogenation over
supported platinum on γ -Al2O3 has been suggested by Biloen
et al. [35] where β H-elimination is considered as the rate-
determining step in dehydrogenation of propane:
(5)
(6)
. (7)
Enhancement in the rate of β H-elimination would increase the
overall rate of dehydrogenation. The addition of small amounts
of water or methanol can result in the formation of hydroxyl
groups that would facilitate the β H-elimination step:
H2O↔ H+ + OH−, (8)
CH3 − OH↔ CH+3 + OH−. (9)
This mechanism can account for the higher effectiveness of
methanol, compared to water, through easier formation of
hydroxyl groups. Considering that CH+3 is more stable than
H+, this results in easier heterolytic dissociation of methanol
compared towater. The addition of [OH−] concentration can be
accelerated by H+ elimination, then β elimination mechanism
can happen faster and rate of the reaction increases.Figure 6: The FTIR spectra for spent catalyst at 620 °C (a) without water
addition, (b) addition of 0.5 ml h−1 water, and (c) addition of 0.1 ml h−1
methanol.
5. Conclusions
The addition of oxygenates to the feed in dehydrogenation
of propane over commercial Pt–Sn/γ -Al2O3 catalyst showed
beneficial effects on catalyst performance. The results can be
summarized as follows:
• Oxygenates improve propylene yield when added in appro-
priate amounts.
• There is an optimum level of oxygenate, depending on
oxygenate type and operating conditions.
• Methanol is a more effective modifier, compared to water,
which can be accounted for by the simple mechanism
presented.
• The oxygenate modifier increases the catalyst lifetime as
well, through reducing coke formation on the catalyst.
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